Introduction: Intestinal anastomotic healing requires apposition of the collagencontaining submucosal layers of the opposing intestinal walls, which is traditionallyachieved by staples or sutures. Recently, a feedbackcontrolled bipolar sealingsystem (LigaSure) has been successfully introduced to seal and transect vessels.Since this technology depends on fusion of collagen fibres which are abundantlypresent in the intestinal wall, the possibility to create intestinal anastomoses usingthis technology was investigated in the present study. Materials and methods: For this purpose a newgeneration radiofrequency(RF) generator and a prototype of the Ligasure Anastomotic Device (LAD) have beendeveloped. The generator incorporates a closed loop control system which monitorstissue fusion, compares it with a mathematical model of ideal fusion based on thedensity and compliance of intestinal tissue and adjusts energy output accordingly. Intotal 8 anastomoses were created in a porcine model (4 pigs, 2 anastomoses each)and healing was assessed by macroscopic and histological examination. Results: All seals were macroscopic intact both immediate after creation and atsacrifice at the 7th postoperative day. Between operations, pigs appeared healthy andhad normal intestinal passage. Histological examination of the anastomoses revealedundisturbed healing with granulation tissue, newly synthesised collagen in thesubmucosa and re-epithelialization at the borders of the seals. Conclusion: These results confirm the feasibility to create experimental intestinalanastomoses using LigaSure technology. This may be an important step towards thedevelopment of new laparoscopic equipment combining dissecting and reconstructiveproperties within one single instrument.
Complex laparoscopic gastrointestinal surgery typically requires division of the mesentery with its multiple blood vessels and the intestine itself. Thereafter, an intestinal anastomosis has to be performed in cases where restoration of intestinal continuity is indicated. For these purposes, a multitude of dedicated laparoscopic instruments has been developed in recent decades, using electrocoagulation, ultrasonic energy, clips, sutures, or staples to obtain hemostasis and sealing of intestinal segments [5] . Unfortunately, none of the available instrumentation is capable of both tissue dissection and anastomotic reconstruction in an efficient way. This means that laparoscopic equipment has to be changed numerous times in the course of a procedure which prolongs operative time, increases costs, and adds to the complexity of the procedure. Ideally, it should be possible to complete an entire procedure laparoscopically using only a single dedicated instrument.
Recently, a feedback-controlled bipolar sealing system or LigaSure (Tyco Healthcare, Valleylab, Boulder, CO) has been added to the armamentarium of the laparoscopic surgeon. This device applies a precise amount of mechanical pressure and radiofrequency energy to tissue, causing fusion of apposing layers by creating a seal of denatured collagen and elastin fibers. This seal can than be transected, permitting the safe division of a multitude of tissues, including blood vessels with a diameter of up to 7 mm [2] . Since its introduction, the LigaSure device has indeed been proven beneficial in laparoscopic surgery, but at present it is used almost exclusively to divide tissues, especially the mesentery [6, 8, 17, 18] .
The LigaSure technique acts by sealing collagencontaining tissue layers [5] , and because collagen, a protein, is abundantly present in the intestinal wall [16] , the technique should theoretically be capable of creating intestinal sealing lines and thus intestinal anastomoses.
This possible application would greatly contribute to the ideal of performing complex laparoscopic gastrointestinal surgery with a single laparoscopic instrument, because it would combine the proven efficient dissecting properties of LigaSure technology with new reconstructive capacities. Therefore, in this experimental study, the feasibility of creating intestinal anastomoses using a prototype of the LigaSure anastomotic device (LAD) was investigated in an animal model.
Materials and methods

LigaSure anastomotic device
A prototype of the LigaSure anastomotic device (LAD) and a newgeneration radio-frequency (RF) generator were kindly provided by Valleylab (Boulder, CO) for the duration of the experimental study. The generator incorporates a closed-loop control system that monitors tissue fusion, compares it with a mathematical model of ideal fusion based on the density and compliance of intestinal tissue, and adjusts energy output accordingly, as previously described [13] . With the LAD both RF-energy and mechanical pressure can be applied by pulling the intestinal wall between the jaws of the device and closing it (Fig. 1) .
Operative procedure
Approval of the local ethics committee was obtained before the start of the experimental study, which was performed in four female adult domestic pigs. Animals were denied solid food for 24 h before the start of the experiment, but they had free access to water. Premedication included Ketamine (20 mg/kg) and Acepromazine (0.5 mg/kg).
Animals were anesthetized with pentobarbitone (6 mg/kg) and isoflurane (2% in a mixture of oxygen). After a single dose of prophylactic antibiotics was administered, a median laparotomy was performed. In each pig, two functional side-to-side anastomoses were performed in the distal ileum, 50 cm and 20 cm proximal to the ileocecal valve, respectively. This was achieved by taking a loop of small bowel at the designated area and opening both intestinal lumina at the top of the loop. After placing a traction suture to align the lumina, a jaw of the LAD was placed in each of the two opposing intestines and mechanical pressure on the intestinal walls was achieved by closing the jaws antimesenterically ( Fig. 1) . After perfect positioning of the LAD was assured, radiofrequency energy was applied by activating the RF-generator. The combination of mechanical pressure and radiofrequency energy causes collagen situated in the intestinal wall to denature and seals the apposing intestinal walls, where they are situated within the jaws of the LAD. After removal of both jaws of the LAD the seal was inspected for completeness, and the area was inspected for signs of thermal spread or other side-effects. The seal then was transected in the middle using scissors to create a wide anastomosis. Finally, the anastomosis was completed by closing the top of the loop with conventional interrupted sutures. Thus, each anastomosis consisted of two essentially different parts, one an experimental sealed fusion line in the side-to-side fusion and the other a conventional sutured line at the top of the anastomosis.
Animals were allowed oral intake from the first postoperative day and were examined on a daily basis for rectal temperature and bowel sounds until sacrifice at postoperative day (POD) 7. On this day animals were re-anesthetized as previously described and a relaparotomy was performed. The abdomen was inspected for signs of peritonitis and anastomotic leakage, and both anastomoses were identified. Finally, the two intestinal segments containing the anastomosis in the middle were removed from the animal, fixed in formalin and sent to the pathology department for further analysis.
Histology
After fixation, the anastomotic site was lamelleted from top to bottom. Each lamella was completely enclosed, enabling examination of both the sealed and the sutured part of the anastomosis in a single slide. After dehydration and imbedding in paraffin the blocks were cut in slices of 3 lm. Then the slides were stained with hematoxylin-eosin by Mayer (deparaffination; wash in demiwater; hematoxylin by Mayer, 5 min; wash with streaming water, 5 min; eosin 0.5%, 5 min; 3 dips into a water bath; dehydration) or Sirius-red (deparaffination; wash in streaming aquadest; incubation with Sirius-red solution (pH = 2), 60 min; wash with 0.01 N HCl, 2 min; dehydration). Histological assessment of all slides was performed by an experienced pathologist.
Results
Surgical technique
No adverse events were observed during construction of the anastomoses. Upon completion, all anastomoses appeared macroscopically intact without signs of thermal spread. Three of the animals showed normal behavior, food intake, and intestinal function almost immediately after the operation and during the course of the experiment. In one pig a mild fever (38°C) and signs of ileus were noted, but only on the first postoperative day.
At re-laparotomy no signs of ileus, generalized peritonitis, or extraluminal bowel contents were noted. Upon visual inspection, seven anastomoses were completely intact and appeared to have functioned normally. The top of one of the anastomoses showed signs of a localized peritonitis (adhesions, fibrous tissue), apparently caused by a small and self-limiting leak from the 
Histology
Hematoxylin-eosin slides show that the luminal side of the intestine adjacent to both the sealed and the sutured anastomoses is covered with intestinal epithelium with spared crypt-villi architecture (Fig. 2) . The lamina propria has a normal cellularity and the muscularis mucosa and muscularis propria are normally formed. In the submucosa, lymphfollicular hyperplasia with formation of germinal centers was noted. These are all normal characteristics of the intestinal wall. At the anastomotic sites evident changes are present (Fig. 3) . Along the sealed part of the anastomosis, the mucosa has disappeared and is replaced by a mixed inflammatory infiltrate of lymphocytes, granulocytes, and plasma cells mixed with young fibroblasts and beginning vascular proliferation, all clear features of granulation tissue. Interestingly, growth of new epithelium is present at the borders of this granulation tissue, and because this epithelium grows toward the center of the defect, this is a clear feature of restoration of the mucosal layer. Underneath this inflammatory zone, the muscularis propria of both intestinal sides is parallel aligned, and no specific changes are seen in the subserosal fat.
In contrast to the sealed part of the anastomoses, granulation tissue is not displayed in the sutured parts. Instead, signs of acute inflammation with the beginning of abscess formation and foreign body giant cell reaction are apparent, especially around the areas where the sutures are situated.
Sirius-red stained slides show the formation of new thin collagen fibers in the submucosal area of both the sealed and the sutured parts of the anastomoses (Fig. 4) . The fibers are only loosely arranged, but focally they already show the beginning of organization, especially in the sealed anastomoses. Although histological assessment does not allow for quantification of the collagen present, the general impression was that more collagen was formed underneath the sealed parts of the anastomoses than between the sutured parts.
These histological findings were remarkably similar and constant in seven of the anastomoses, the only exception being the anastomosis in which minor leakage was diagnosed at re-laparotomy. In that anastomosis an exaggerated inflammatory response and luminal spill was seen along the outside border of the sutured anastomotic part, confirming leakage at the site.
Discussion
In this study, the feasibility of constructing intestinal anastomoses by using a combination of radiofrequency energy and mechanical pressure was confirmed, at least in an experimental animal model. For this purpose a prototype LigaSure anastomotic device was developed, which functioned adequately throughout the course of the study without unforeseen side-effects. Anastomotic healing was assessed by qualitative histological and macroscopical examination and evaluation of function.
Physiological wound healing has been defined as the highly regulated process of cellular, humoral, and molecular events activated at the time of injury and resulting in a time-dependent but predictable and orderly pattern of tissue repair [3] . Three successive phases can be recognized in this process by histological examination: inflammation, proliferation, and tissue remodeling [15] . Previous experimental studies have proven that the inflammatory and proliferative phases are most intense during the first postoperative week, and consequently this period is deemed crucial for uneventful anastomotic healing [19] . Therefore, all LAD-constructed anastomoses were assessed by an experienced pathologist at POD 7. This revealed the presence of an inflammatory process around the sealed anastomotic tissues. In addition, signs of proliferation were profusely present, such as reepithelialization to restore the mucosal barrier, formation of new collagen fibers in the submucosa to regain anastomotic strength, and neovascularization to restore blood supply. Therefore, it is concluded that LAD-constructed anastomoses display features of physiological intestinal anastomotic healing.
Macroscopical inspection, both immediately after construction as well as at POD 7, revealed that all sealed parts of the anastomoses were completely intact. One case of minor anastomotic leakage was diagnosed, but this appeared to be caused by a small disruption of the sutured anastomotic part. Adequate functioning of the anastomoses was deduced from the observation that animals displayed normal behavior, food-intake, bowel sounds, and passage of stools in the postoperative period. Moreover, no signs of ileus were noted at re-laparotomy. Taken together, histological, macroscopical, and functional parameters all confirmed undisturbed and successful healing of the sealed anastomotic tissues. However, before application of this technology can be considered in clinical practice, these parameters should be investigated in a larger number of animals and at different time points throughout the healing process. Besides this, additional functional parameters such as, for instance, the development of anastomotic strength should be investigated. Since its introduction in surgical practice, LigaSure technology has been proven to significantly save operative time and costs and to reduce the complexity of operative procedures [6, 8, 17, 18] . Interestingly, these advantages are almost exclusively achieved by using it as a dissecting tool to take down the intestinal mesentery, even though the presence of collagen in many other tissues renders this technology potentially suitable for numerous other applications. Experience in other organs is currently limited to a few clinical and experimental studies that have investigated the possibility of sealing and transecting collagen-containing tissues, such as the cystic duct [12] , ureter [4] , lung parenchyma [11, 14] , liver [7, 10] , hemorrhoids [1, 9] , and appendix [20] . The present study differs fundamentally from these studies since the LigaSure was not applied for its dissecting properties but for its possible reconstructive capacities, the creation of intestinal anastomoses. This application may be particularly helpful for the laparoscopic gastrointestinal surgeon as the creation of an intestinal anastomosis using laparoscopic instruments is considered technically demanding, costly, time-consuming, and complex because of the numerous changes of instruments required. Many surgeons even prefer to perform a small laparotomy in the reconstructive phase to create an anastomosis outside of the abdomen, thereby potentially compromising the benefits of laparoscopic surgery. The availability of a laparoscopic application of the LAD may overcome these difficulties and facilitate laparoscopic gastrointestinal surgery in the future.
The ideal laparoscopic equipment should combine dissecting as well as reconstructive capacities within a single instrument and without the need to reload it after each application. The current experimental finding that LigaSure technology may be applied to construct intestinal anastomoses should be regarded as a promising step towards the development of such an instrument, warranting further research into this subject.
